Introduction: Physical inactivity significantly contributes to loss of muscle mass and performance in bed-bound patients. Loss of skeletal muscle mitochondrial content has been well-established in muscle unloading models, but the underlying molecular mechanism remains unclear. We hypothesized that apparent unloading-induced loss of muscle mitochondrial content is preceded by increased mitophagy-and decreased mitochondrial biogenesis-signaling during the early stages of unloading.
| INTRODUCTION
Physical inactivity significantly contributes to rapid loss of muscle mass and muscle performance in hospitalized and bed-bound patients. 1, 2 Moreover, the loss of skeletal muscle mitochondrial content and oxidative capacity, both determinants of muscle performance, has been reported in men exposed to 1 week of strict bed rest, and 2 weeks of one-leg skeletal muscle immobilization, 1, 2 and has been well-established in different models of rat and murine skeletal muscle unloading (UL). [3] [4] [5] [6] [7] [8] [9] [10] Unraveling the exact molecular regulation underlying this loss of mitochondrial content during UL will be instrumental for the generation of new therapies aimed to preserve muscle performance, and more specifically mitochondrial content.
The total mitochondrial content is determined by the balance between mitochondrial biogenesis and breakdown, of which mitochondrial breakdown primarily occurs through mitophagy. 11 Mitochondrial biogenesis (ie, de novo synthesis of mitochondria) is mainly regulated by the peroxisome proliferator-activated receptor (PPAR) co-activator (PGC) signaling network, 12 while mitophagy (ie, a mitochondria-specific form of autophagy 13 ) can be regulated by pathways like the receptormediated and mitochondrial-based PTEN-induced putative kinase 1 (PINK1)/Parkin (PARK2)-mediated mitophagy, although crosstalk between these pathways has been shown. 14, 15 Furthermore, skeletal muscle mitochondria are highly dynamic organelles which constantly undergo fission (ie, separation of mitochondria) and fusion (ie, merging of mitochondria) events, of which mitochondrial fission is often considered a prerequisite for mitophagy as it isolates small mitochondria from the network. 15, 16 Therefore, a net loss of mitochondrial content during muscle inactivity may be driven by modulations in mitochondrial biogenesis, mitophagy, dynamics, or a combination of these.
Mitochondrial biogenesis has been extensively studied in rodent models for skeletal muscle inactivity, and biogenesis markers are generally found to be decreased in these models [3] [4] [5] [6] [7] [8] 17, 18 Moreover, modulations in protein or mRNA-expression of mitophagy-related markers have been found in several rodent models of skeletal muscle inactivity (ie, hind limb immobilization, suspension, and denervation), all performed with at least 7 days of inactivity when the loss in mitochondrial content has already occurred. 4, 9, 10, 19 Due to the coinciding nature of changes in biogenesis, mitophagy, and mitochondrial content, it is difficult to establish if changes in biogenesis and mitophagy underlie the loss of mitochondrial content, or are simply the result of a renewed biogenesis/mitophagy balance set to maintain fewer mitochondria.
Of interest, mitophagy signaling has not been studied in the early phases of inactivity preceding apparent loss of mitochondrial content.
Moreover, many studies have reported expression of mitochondrial dynamics markers in rodent models of muscle inactivity, but convincing evidence indicating increased fission is still lacking. 3, 4, [6] [7] [8] [9] 18 In human studies, it has been shown that expression of key regulators of mitochondrial biogenesis are lower in the skeletal muscle of chronically inactive compared with active subjects, [20] [21] [22] and that transcript abundance of some autophagy-and mitophagy-related markers was lower in inactive subjects. 22 However, there is only limited data available on the regulation of mitochondrial biogenesis and mitochondrial dynamics during acute muscle disuse, [23] [24] [25] and none on regulation of mitophagy as far as we know.
Although previous studies have reported differences in the regulation of mitochondrial breakdown and biogenesis at time-points when loss of mitochondrial content was already present, studies describing these mechanisms at a time-point before the apparent loss of mitochondrial content remain limited to date in both in mice and humans.
As total mitochondrial quantity itself is an independent determinant of both the basal mitochondrial breakdown and biogenesis levels, short-term UL studies are, therefore, not only valuable to provide an indication of chronology, but also to omit decreases in mitochondrial content as a possible confounding factor. Therefore, we hypothesized that an increase of mitophagysignaling and a decrease of mitochondrial biogenesis-signaling is present during the early stages of muscle UL, preceding the apparent loss of mitochondrial content, in both the murine and human skeletal muscle. To study this, the current rodent study was performed with a 3-day UL period, and the human study with a 7-day UL period, both approximately half of the periods at which loss of mitochondrial content was previously reported. A comprehensive set of molecular markers involved in the execution and regulation of mitophagy, autophagy, mitochondrial biogenesis, and mitochondrial dynamics, as well as markers for mitochondrial content, was analyzed in both a murine and human model of leg muscle UL.
| METHODS

| Ethical approval
Animal procedures were performed in accordance with the European Directive 2010/63/EU guidelines and conform the journal regulations. 26 The study protocol was approved by the institutional animal with written informed consent obtained from all subjects. 27 
| Animal study design
Male C57BL/6J wild-type mice were generated, housed, and fed as described previously, 28 with exception for the pair-fed (PF) mice, who received a daily feed amount matched to the consumption of the animals subjected to hind limb suspension. Twelve-week-old, young adult mice were divided in three groups, and subjected to no experimental procedure (baseline [BL]; n = 8), 3 days of muscle UL by hind limb suspension (HLS; n = 9), or 3 days of paired feeding (PF; n = 9).
The HLS protocol was performed as previously described 28, 29 with the exception that isoflurane (Abbott, Abbott Park, IL) was used as an anesthetic. In short, the tail of the animals was wrapped in a tail suspension device and connected to a swivel hook to allow circular motility. This hook was attached to a polyvinyl chloride ring, which slid over an iron rod spanning the length of the cage to allow longitudinal motility. The mice were raised just until the hind limbs were unable to touch the ground or sides of the cage. Body weight and feed intake was monitored throughout the experiment. The PF group was included to control for the lower caloric intake in mice subjected to HLS compared with BL, and, therefore, received the matched amount of feed consumed by the HLS group. After euthanasia, intraperitoneal sodium pentobarbital (115 mg/kg) followed by exsanguination, lower leg muscles were excised, weighed, snap frozen in liquid nitrogen, and stored at −80 C. The murine gastrocnemius muscle was used in analyses, which is a mixed muscle with a fiber type composition that contains both fast-twitch and slow-twitch fibers.
| Human study design
The study group consisted of 13 healthy young adult male subjects who participated in a previously published trial, 27 which was primarily designed to test the potential protective effect of creatine supplementation on disuse-induced loss of muscle mass and function, of which the outcome was negative.
Briefly, subjects were subjected to muscle UL through 7 days of one-leg immobilization by means of a full leg cast. Vastus lateralis muscle biopsies of the casted leg were taken following an overnight fast at BL and after UL, and were frozen in liquid nitrogen and stored at −80 C. Muscle mass (cross-sectional area; CSA) was assessed by computed tomography (CT) of the upper legs, muscle strength was estimated using a one-repetition maximum (1-RM) knee extension test, and body weight was measured with a digital balance. None of the subjects performed progressive resistance-type exercise training, or took any medication interfering with muscle metabolism in the previous 6 months. Inclusion in the current study was based on the availability of muscle biopsy material before and after the immobilization period. Human vastus lateralis muscle has a mixed fiber type composition which is similar to the fiber type composition observed in the murine gastrocnemius muscle.
| RNA extraction and polymerase chain reaction
Murine gastrocnemius and human vastus lateralis muscle were crushed while frozen. RNA was harvested from lysates of crushed murine and human tissue. cDNA was synthesized and polymerase chain reaction (PCR) was performed as described in the Supporting Information Methods, which are available online.
| Western blotting
Protein was harvested from lysates of crushed murine gastrocnemius and human vastus lateralis muscle and Western blotting was performed as described in the Supporting Information Methods. All
Western blotting image data are included in the Supporting Information Methods.
| Enzyme activity assays
Enzymatic assays for citrate synthase (CS) (EC 2.3.3.1), β-hydroxyacyl-CoA dehydrogenase (HAD) (EC 1.1.1.35), and phosphofructokinase (PFK) (EC 2.7.1.11) were performed on lysates of crushed murine gastrocnemius muscle as described in the Supporting Information Methods. 
| Data presentation and statistics
| Whole body and muscle response to UL
Mouse body weights were lower in the HLS compared with both the PF and BL group after three days of UL ( Figure 1A ). Muscle weights of all assessed hind limb muscles were lower in the HLS group, while only the plantaris muscle weight was significantly lower in the PF group compared with BL ( Figure 1B ).
Human subjects did not lose body weight during 7 days of muscle UL. However, they lost muscle strength (as measured by 1-RM), and muscle mass (as measured by CT-derived thigh muscle CSA and quadriceps CSA) ( Table 1 ).
| Mitochondrial content markers are unaltered during muscle UL
To investigate whether the loss of mitochondrial content is already initiated in an early stage of UL, we quantified several markers of mitochondrial content. None of the markers for mitochondrial content were significantly lower in HLS compared with PF or BL. To obtain a more functional overview of the skeletal muscle mitochondrial capacity, CS and HAD enzyme activity was determined in the murine study, as well as the more glycolytic PFK. In agreement with the mitochondrial protein expression data, no differences were found for any of these enzymes (Figure 2A ,C). In line with the murine data, no significant differences were found for markers of mitochondrial content during UL of human skeletal muscles either ( Figure 2B ).
| Modulations in receptor-mediated mitophagyand autophagy-signaling during muscle UL
To investigate if mitophagy-signaling is indicative of increased mitophagy in an early stage of UL, gene-expression and protein levels of mitophagy-receptors BCL2/Adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), BNIP3-like (BNIP3L) and FUN14 domain-containing protein 1 (FUNDC1), and of markers related to ubiquitin-mediated mitophagy PARK2 and PINK1 were measured. In the murine study, HLS resulted in lower BNIP3L and higher BNIP3 and BNIP3L-II protein levels compared with BL. Moreover, BNIP3 and BNIP3L mRNA-expression were both higher in HLS compared with either BL or PF. FUNDC1 protein levels were lower in HLS compared with BL, while mRNA-expression was higher in PF compared with both BL and HLS ( Figure 3A ,C). Furthermore, PARK2 protein levels were lower in HLS, while no differences were found in either PARK2 or PINK1 mRNA levels ( Figure 3A,C) .
In the human subjects, BNIP3L protein levels and mRNA-expression increased upon muscle UL, similar to the murine study. Moreover, no changes in BNIP3, FUNDC1, PARK2, or PINK1 protein or mRNA level were found in the human subjects upon muscle UL (Figure 3B Moreover, SQSTM1 protein levels, and SQSTM1 and OPTN mRNA levels were higher in HLS ( Figure 4A,C) .
In the human subjects, SQSTM1 protein levels were potently increased during muscle UL, which is in line with the data from the murine study. However, no significant changes were found in autophagy-related mRNA expression in the human subjects ( Figure 4B,D) . was not different between groups ( Figure 5E ). In the human subjects, no changes in mitochondrial biogenesis related protein and mRNA levels were found during muscle UL in the human subjects ( Figure 5B ,D,F).
| Mitochondrial dynamics related signaling is unaltered by muscle UL
Because mitochondrial fission is often described as a prerequisite for mitophagy, we investigated markers for both mitochondrial fission and fusion events. In the murine study, no differences were observed in mitochondrial dynamics-associated protein levels or mRNA-expression ( Figure 6A,C) . In concert with the murine data, no changes were found for any of the measured mitochondrial dynamics-associated markers in the human subjects ( Figure 6B,D) .
| DISCUSSION
The current study shows that skeletal muscle UL results in a pattern of early-onset pro-mitophagy signaling in murine skeletal muscle confirmed by a similar signaling pattern in unloaded human skeletal muscle, both still without an apparent decline of skeletal muscle mitochondrial content. These data suggest that the pro-mitophagy signaling precedes the loss of mitochondrial content and, therefore, might play an important role in the onset of disuse-induced loss of mitochondrial content.
Moreover, these data show that the pathways of mitochondrial breakdown and biogenesis are regulated similarly in mice and humans during skeletal muscle UL.
The loss of mitochondrial content and oxidative capacity has been well-established in different immobilization models in both rat and murine skeletal muscle. [3] [4] [5] [6] [7] [8] [9] [10] More specifically, a decrease in muscle mitochondrial content was reported upon 14 days of UL in the exact same experimental setting as the current murine study, which subsequently recovered during muscle reloading. 3 In line with this, 7 days of strict bedrest, and 14 but not 2 days of human limb immobilization resulted in decreased mitochondrial content markers. 1, 2, 23 Currently, we report no changes in mitochondrial content markers in both the murine (3 days of HLS) and the human (7 days of UL) unloaded muscle.
Therefore, our results suggest that the timing of our study is before the well-established loss of mitochondrial content during muscle UL. This made it possible to study the processes determining the turnover of mitochondrial content (eg, mitochondrial breakdown and biogenesis) without a decreased mitochondrial content as confounding factor.
Mitophagy can be initiated by several mitochondrial-localized receptors (eg, BNIP3, BNIP3L, and FUNDC1), who stimulate their binding to proteins of the LC3/GABARAP family. [30] [31] [32] Following this, mitochondria are engulfed in autophagosomal membranes and broken down by means of the lysosomal pathway. Previous studies provide mixed evidence, having found lower tibialis muscle protein levels of BNIP3, 9 and lower gene-expression but higher protein levels of BNIP3L 10 after 7 days of hind limb immobilization by wrapping or denervation. Moreover, gastrocnemius muscle BNIP3 and BNIP3L gene-expression was unchanged after prolonged UL. 4 We report higher transcript and protein abundance of BNIP3 and BNIP3L during the first stage of UL in mice, indicating more pronounced mitophagy during the initial stages of UL. Of interest, the same pattern was found in human unloaded skeletal muscle, suggesting this molecular response is conserved between species.
FUNDC1-mediated mitophagy, activated by posttranslational modifications (eg, by phosphorylation) of available FUNDC1 protein rather than increasing FUNDC1 protein abundance, [33] [34] [35] [36] remains poorly described during muscle UL. In our study, we show that FUNDC1 protein levels are lower in skeletal muscle unloaded mice, while its mRNA transcript levels are unaltered, together suggesting posttranslational regulation of FUNDC protein abundance during the early phases of UL. Although it is likely that the observed FUNDC1 depletion contributes to subsequent mitochondrial quantity loss, the causality of this relationship remains to be established.
In a different pathway of mitophagy initiation, the PINK1/Parkinmediated mitophagy, a loss of mitochondrial membrane potential promotes the stabilization of PINK1, resulting in either the recruitment and activation of the E3 ubiquitin ligase PARK2 and downstream autophagy-receptor SQSTM1, or in the PARK2 independent recruitment and activation of autophagy-receptors like OPTN and CALCOCO2. [37] [38] [39] Like mitophagy-receptors, these autophagy receptors are able to bind LC3/GABARAP family proteins. In extension to our data which show no differences or changes for PINK1 protein or mRNA-expression in both the murine and human model, PINK1 protein levels were found unaltered after 7 and 14 days of hind limb immobilization, but were found to be lower after 21 days of immobilization in murine tibialis anterior muscle. 9 The same study reports higher PARK2 protein levels after 7 days of hind limb immobilization, while we found lower levels after 3 days. 9 Because these studies show differences in timing, type of muscle analyzed, and protocol of muscle UL, the exact cause of this difference remains to be established. We did not find any differences in PINK1 or PARK2 protein or transcript expression in human skeletal muscle after UL, suggesting that this pathway does not play a major role in the loss of mitochondrial quantity during acute UL.
Autophagy-related proteins are instrumental for the process of mitophagy, and their transcript levels were generally higher in the unloaded mice compared with the controls in our murine model. Although these differences were only marginally reflected by their representative protein levels, SQSTM1 protein levels were increased in both the unloaded murine and human skeletal muscle in our study, suggesting similar molecular autophagy-signaling response between species. Combined with data from previous studies, generally showing increased presence of protein and/or transcript abundance of autophagy-related proteins, 4, 9, 10 autophagy-related signaling is likely induced shortly after the start of muscle UL.
Many rodent studies have been performed to study mitochondrial biogenesis at various time-points and in various different muscles during muscle UL. [3] [4] [5] [6] [7] [8] 17, 18 In short, 1 day of hind limb UL resulted in decreased expression of many genes involved in mitochondrial biogenesis, except for increased PPARD transcript and protein levels in gastrocnemius muscle, and 3 days of hind limb UL resulted in lower PPARGC1A protein and transcript abundance in murine soleus but not in gastrocnemius muscle. 8, 17, 18 Because the autophagosomal size is limited, mitochondrial fission is often considered a prerequisite for mitophagy as it isolates small mitochondria from the network. 15, 16 Although transcript and protein expression data related to mitochondrial fission and fusion is difficult to interpret, partly due to the posttranscriptional nature of their regulation, we included some measurements to obtain a general overview of major regulatory changes. In addition to our results, which show no differences in any of the fission and fusion markers for both the murine and human skeletal muscle UL models, many other rodent studies have been performed that generally report decreased or equal transcript and protein levels of the above mentioned markers. 3, 4, [6] [7] [8] [9] 18 Together with the literature, our data make a profound shift from a fission/fusion homeostasis toward dominion of either fission or fusion unlikely in our models.
Although we report a comprehensive set of markers involved in the execution and regulation of mitophagy, autophagy, mitochondrial biogenesis, and mitochondrial dynamics measured in the early phase after muscle UL, there are some limitations in the current study. First, only muscle mass, and not actual muscle strength, was measured in the murine study, while both mass and strength were assessed in the human study. Moreover, no actual mitophagy or autophagy flux was measured in our samples. Therefore, the changed protein abundance of the mitophagy and autophagy-related proteins might also be the result of impaired breakdown instead of increased synthesis. Moreover, we describe associations between changes in the processes of autophagy/mitophagy and mitochondrial biogenesis, but the causality of these associations remains unclear in our study. In addition, inclusion of electron microscopic analysis would be beneficial in future studies to obtain information on mitochondrial size and fractional area. Furthermore, the addition of more time-points would highly improve the understanding of the temporal regulation of the different pathways discussed in this manuscript.
Despite these limitations, our data show that skeletal muscle UL results in a pattern of early-onset pro-mitophagy signaling in murine skeletal muscle confirmed by a similar signaling pattern in unloaded human skeletal muscle. These novel insights advance the current knowledge on disuse-induced muscle pathology, and help to identify possible targets for future therapy to prevent muscle pathology in hospitalized and bed-bound patients. Moreover, disuse-induced muscle pathology is also present in inactive patients with chronic diseases 41 ; therefore, these patients may benefit from development of a novel future therapy as well.
In conclusion, we now show that in both mice and humans skeletal muscle UL results in early-onset molecular marker patterns indicative of increased receptor-mediated mitophagy and decreased mitochondrial biogenesis regulation, before the loss of mitochondrial content.
These results emphasize the early onset of skeletal muscle disuseinduced mitochondrial remodeling, which is likely to underlie the loss of mitochondrial quantity in a later stage of muscle disuse. Moreover, we report similar expression patterns in the murine and human skeletal muscle, which suggests this molecular response is conserved between species and emphasize the early-onset of human skeletal muscle disuse-induced mitochondrial remodeling.
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